Oxygen caused an increase in the amount of superoxide dismutase in Escherichia coli B 
The toxicity of oxygen has been well documented (4) , but the bases of this toxicity and of the defenses which have evolved to deal with it have not yet been adequately explored (3, 5) . The realization that 02-is a common product of the biological reduction of oxygen (3, 7, 10) has led to the proposal that it is one of the reasons for oxygen toxicity and that the enzyme superoxide dismutase (8) functions as a defense against the reactivities of this radical (9) . It has been reported (4a) that superoxide dismutase is induced by 02 in both Streptococcus faecalis and in Escherichia coli, and that S. faecalis, which contained the high induced levels of this enzyme, were more tolerant of hyperbaric oxygen than were cells which contained a lower level of this enzyme. We now describe extensions of this work which utilize E. coli B and Bacillus subtilis and which support the proposal that 02-is an important agent of the toxicity of oxygen and that superoxide dismutase provides an in vivo defense against this radical. It is also shown that the oxygen enhancement of the toxicity of streptonigrin, which has been sup119t posed to be due to the generation of 02- (12, 13) , is minimized by superoxide dismutase. This result is in full accord with the proposal that the streptonigrin quinone is reduced to a corresponding hydroquinone, which then reduces oxygen to 02- (White et 
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dismutase was assayed and units of activity were defined as previously described (8) , while catalase was assayed by the method of Beers and Sizer (1). Protein was quantitated spectrophotometrically (11) .
E. coli cells were grown in a medium whose composition in grams per liter was: glucose, 40.5; NH4Cl, 5.0; Na2HPO4, 6 Figure 1 summarizes the results of these manipulations. Line 1 demonstrates that E. coli which had been grown under N2 and which therefore contained the low level of superoxide dismutase, were rapidly killed when exposed to 20 atm of 02-Line 2 shows that E. coli which had been grown under 0°and which contained an elevated level of this enzyme were remarkably resistant to hyperbaric 02. Lines 3 and 4, respectively, demonstrate that there were no very large differences between the survival of high or low superoxide dismutase-containing E. coli when incubated under 20 atm of N2. These controls, when compared with line 2, also show that almost all of the modest mortality which was observed with these cells must have been due to the effects of puromycin and pressure changes.
Superoxide dismutase and oxygen toxicity in B. subtilis. B. subtilis 168 try-was grown under a range of oxygen concentrations, and cellfree extracts were then prepared and assayed for superoxide dismutase and for catalase. The results, which are shown in Superoxide dismutase and streptonigrin toxicity. Oxygen enhances the toxicity of streptonigrin, and it has been suggested that this is due to the generation of 02-by the streptonigrin (4a). The structure of streptonigrin is shown in Fig. 3 . E. coli, which contain the high, induced level of superoxide dismutase, should be more resistant to streptonigrin than uninduced cells. E. coli B was grown to late log phase at 37 C either under vigorous gassing with 100%o 02 or under the essentially anaerobic conditions of deep, still, liquid culture in air. The former oxygen-grown cells gave cell-free extracts containing 20.0 U of superoxide dismutase per mg while the latter gave extracts containing 3.8 U of this enzyme per mg. These cells were diluted to 108/ml in Trypticase soy broth, which contained 1 ,ug of streptonigrin per ml, and were then incubated aerobically at 25 C. At intervals, samples were removed and were diluted and plated onto nutrient agar plates, which were incubated overnight at 37 C for quantitation of surviving cells. Figure 4A , which presents the results of this study, demonstrates that the E. coli with the induced level of superoxide dismutase were much more resistant to streptonigrin than were E. coli which had been grown anaerobically and contained the lower level of this enzyme. If the enhanced resistance towards streptonigrin, exhibited by the oxygen-grown cells, was indeed due to their elevated superoxide dismutase and thus to their greater ability to cope with 02-, then this advantage should disappear in the absence of oxygen. Oxygen-grown and aerobically grown E. coli were accordingly exposed to streptonigrin, as above, but under stringently anaerobic conditions, which were achieved by sweeping the cell suspensions with pure N2 for 1 h before the addition of streptonigrin. Controls were performed in which streptonigrin was not added. The results of these experiments are shown in Fig. 4A by the points O and A. It is clear that the elimination of oxygen removed those differences in sensitivity towards streptonigrin which had been apparent in the presence of oxygen. These results are in full accord with the view that the oxygen enhancement of streptonigrin toxicity is due to the generation of O2-and that superoxide dismutase dose protect against the lethal effects of this radical.
Streptonigrin monooxime should be unable to generate O°-because it cannot be readily reduced to a hydroquinone. Streptonigrin monooxime was tested at 1.0 ,ug/ml and was found to be without detectable lethal effect on E. coli B, whether tested against oxygen-grown or anaerobically grown cells. These results are shown in Fig. 4B . The relative abilities of streptonigrin and of the corresponding monooxime to generate O°-were tested in the reaction system described by White, Vaughn, and Yeh (Abst. Proc. Fed. Amer. Soc. Exp. Biol. 30:1145, 1971). Thus, when streptonigrin, at 5.0 pg/ml, was added to a mixture containing 3.3 x 10-5 M nicotinamide adenine dinucleotide phosphate (reduced form) (NADPH), 10-6 M ferricytochrome c, 0.05 M potassium phosphate, 10-4 M EDTA, 2.4 x 10-4 M O0, and the spinach ferredoxin, NADP reductase at pH 7.8 and at 25 C, the reduction of cytochrome c was observed as an increase in absorbance at 550 nm of 0.016 per min. Superoxide dismutase (6 x 10-7 M) inhibited this cytochrome c reduction, thus indicating that it was mediated by O2-When the streptonigrin in these reaction mixtures was replaced by a corresponding amount of monooxime, there was no reduction of cytochrome c. oxide dismutase in the case of B. subtilis allowed independent manipulation of the levels of these enzymes and therefore facilitated the testing of their relative importance in protecting against the lethality of hyperbaric oxygen. The data shown in Fig. 1, 2 , and 4 are typical of results obtained in repeated experiments. These results have demonstrated that increased levels of superoxide dismutase were associated with greater tolerance of hyperbaric oxygen, whereas increased levels of catalase were not. It should be emphasized that this relationship, which was a reliable indicator of oxygen tolerance within a given organism, need not predict relative oxygen tolerances when comparing different organisms. Thus, different organisms could differ in the extent of production of 02-at a given PO2 and could thus require different levels of superoxide dismutase to achieve the same degree of protection against this radical. The results obtained do indicate that increased concentrations of oxygen lead to increased rates of production of°2-and that superoxide dismutase is an important component of the defenses which deal with oxygen toxicity.
It has been shown by J. L. White, T. 0. Vaughn, and W. S. Yeh (Abst. Proc. Fed. Amer. Soc. Exp. Biol. 30:1145 Biol. 30: , 1971 ) that streptonigrin is able to generate 02-in vitro by a cycle of reduction followed by reoxidation. This is similar to the behavior of menadione (10) . We have confirmed this observation and have shown that the monooxime of streptonigrin is unable to function in this way. The enhancement of the lethality of streptonigrin by oxygen has been proposed to involve the intracellular generation of°2 -by a similar cycle of reduction followed by reoxidation.
It has now been shown that E. coli B in which high levels of superoxide dismutase have been induced by growth under 100% 02 are resistant to the oxygen enhancement of streptonigrin lethality. Streptonigrin monooxime was without effect on E. coli B induced or uninduced, whether tested aerobically or anaerobically. These results support the proposal that, in the presence of oxygen, a large component of streptonigrin toxicity is actually due to the generation of 02--
